The use of ancient DNA in paleopathological studies of tuberculosis has largely been restricted to confirmation of disease identifications made by skeletal analysis; few attempts at obtaining genotype data from archaeological samples have been made because of the need to perform different PCRs for each genetic locus being studied in an ancient DNA extract. We used a next generation sequencing approach involving hybridization capture directed at specific polymorphic regions of the Mycobacterium tuberculosis genome to identify a detailed genotype for a historic strain of M. tuberculosis from an individual buried in the 19th century St. George's Crypt, Leeds, West Yorkshire, England. We obtained 664,500 sequencing by oligonucleotide ligation and detection (SOLiD) reads that mapped to the targeted regions of the M. tuberculosis genome; the coverage included 218 of 247 SNPs, 10 of 11 insertion/deletion regions, and the repeat elements IS1081 and IS6110. The accuracy of the SOLiD data was checked by conventional PCRs directed at 11 SNPs and two insertion/deletions. The data placed the historic strain of M. tuberculosis in a group that is uncommon today, but it is known to have been present in North America in the early 20th century. Our results show the use of hybridization capture followed by next generation sequencing as a means of obtaining detailed genotypes of ancient varieties of M. tuberculosis, potentially enabling meaningful comparisons between strains from different geographic locations and different periods in the past. biomolecular archaeology | paleopathology
The use of ancient DNA in paleopathological studies of tuberculosis has largely been restricted to confirmation of disease identifications made by skeletal analysis; few attempts at obtaining genotype data from archaeological samples have been made because of the need to perform different PCRs for each genetic locus being studied in an ancient DNA extract. We used a next generation sequencing approach involving hybridization capture directed at specific polymorphic regions of the Mycobacterium tuberculosis genome to identify a detailed genotype for a historic strain of M. tuberculosis from an individual buried in the 19th century St. George's Crypt, Leeds, West Yorkshire, England. We obtained 664,500 sequencing by oligonucleotide ligation and detection (SOLiD) reads that mapped to the targeted regions of the M. tuberculosis genome; the coverage included 218 of 247 SNPs, 10 of 11 insertion/deletion regions, and the repeat elements IS1081 and IS6110. The accuracy of the SOLiD data was checked by conventional PCRs directed at 11 SNPs and two insertion/deletions. The data placed the historic strain of M. tuberculosis in a group that is uncommon today, but it is known to have been present in North America in the early 20th century. Our results show the use of hybridization capture followed by next generation sequencing as a means of obtaining detailed genotypes of ancient varieties of M. tuberculosis, potentially enabling meaningful comparisons between strains from different geographic locations and different periods in the past. biomolecular archaeology | paleopathology T uberculosis (TB) has afflicted the human population for at least the last 8,000 y and probably much longer. A disease of poverty, the first clear historical account of TB dates to 2700 B.C. in China (1) , and the first archaeological evidence derives from Italy at 5,800 ± 90 B.P. (2) . Older indications of TB are controversial (3, 4) , but evolutionary analyses of the group of bacteria that causes the disease suggest that the main human pathogen, Mycobacterium tuberculosis, has an ancient origin and might have been in existence for as long as 3.0 million y (5) (6) (7) (8) (9) (10) . TB was widespread during the classical period, being described by Hippocrates, Aristotle, and Galen (11) . It increased rapidly in Europe during the 17th century, giving rise to the White Plague (named because of the pallor associated with the disease) (12) , which by the 19th century, was causing up to one-quarter of the deaths in London according to the Bills of Mortality (13) (14) (15) . Its prevalence at this time was almost certainly promoted by the higher population densities associated with urbanization, which provide ideal conditions for transmission of an airborne pathogen (16) . Modern vaccination programs and chemotherapies were thought to have brought the disease under control by the late 1980s (17) , but its frequency began to rise again in the early 1990s to the extent that the World Health Organization declared TB to be a global emergency in 1993 (18) . One-third of the world population has latent TB, and after HIV, it kills more people than any other infectious agent. In 2010, it was estimated that 8.8 million people contracted TB, and there were 1.3 million deaths (19) .
M. tuberculosis is now globally distributed, and it displays biogeographical diversity (20) (21) (22) caused by genome sequence variations that result in strains that have differing virulence and immunological properties (9) . The emergence of new strains and changes in the geographical distributions of existing ones have been recorded during the modern clinical era (23) , and similar events presumably occurred in the past. However, the link between past changes in the population genetics of the bacterium and the evolution of the disease in prehistoric and historic human populations is largely unexplored. The materials for such a study exist in the form of excavated and curated archaeological skeletons displaying lesions associated with TB (11) . TB is caused by members of the M. tuberculosis complex (MTBC) of bacteria, which along with M. tuberculosis, includes the less common human pathogens M. canettii and M. africanum as well as M. bovis, M. microti, M. caprae, and M. pinnipedii; they cause TB in various mammals but only infrequently infect humans today, especially where milk pasteurization and disease control of animals are practiced. In 19th century England, M. bovis would have been more of a problem, because pasteurization was not introduced until the early 1900s: it has been suggested that between 1850 and 1950, there were up to 800,000 deaths from bovine TB in Britain (24, 25) . TB is contracted by inhalation of droplets containing bacteria (usually M. tuberculosis) from an infected person or consumption of infected animal sources, such as food products (usually M. bovis). Some 3-5% of people infected with pulmonary TB develop skeletal TB when the bacteria spread through the blood and lymphatic systems from the lungs to the skeleton. The skeletal manifestations of the disease can also occur, possibly at a higher frequency, in individuals with gastrointestinal TB (26) . The spine is the most affected part of the skeleton, and other less specific skeletal changes have also been described (27) . Lesions resulting from destruction and limited remodeling of the infected areas, although they have a number of alternative diagnoses, can be recognized in archaeological skeletons, providing an indication of the prevalence of TB in the past (11). This paleopathological information can then be supplemented with genetic data if ancient DNA (aDNA) from the infecting bacteria is preserved in the lesions or other parts of the skeleton (28) . The veracity of some of this work has been questioned (3, 21, 29) , but convincing identifications of M. tuberculosis aDNA have been reported for several human skeletons and mummified remains up to 2,500 y in age (30) (31) (32) (33) .
Until recently, aDNA research, in general, has had limited scope because of the need to perform different PCRs for each locus being studied in an archaeological sample, which meant that the use of aDNA in studies of past TB has largely been limited to confirmation of paleopathological identifications. Typically, PCRs have been directed at loci such as the IS6110 and IS1081 repeat elements thought to be diagnostic for members of the MTBC This article is a PNAS Direct Submission. A.S.B., S.L.K., and R.M. contributed equally to this work. 3 To whom correspondence should be addressed. E-mail: terry.brown@manchester.ac.uk.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1209444109/-/DCSupplemental. (34, 35) . A few projects have additionally targeted SNPs and other sequence features that distinguish M. tuberculosis from M. bovis and other members of the MTBC and enable modern antibiotic-resistant strains, which might contaminate aDNA extracts, to be recognized (31) . Only limited attempts have been made to place an archaeological strain of M. tuberculosis into one of the groups recognized in present day populations (the largest number of informative SNPs typed in a single ancient sample is four) (36) .
The advent of next generation sequencing (NGS) methods has opened up possibilities in aDNA research, particularly in the study of ancient pathogens. The ability of NGS to generate genomewide sequence data from small amounts of starting material has already enabled the complete sequence of a historic Yersinia pestis strain to be assembled from aDNA from a 14th century A.D. skeleton, providing insights into the origins of the Black Death (37) . Reconstruction of complete M. tuberculosis genome sequences from archaeological remains is feasible but complicated by the presence in bone extracts of contaminating mycobacteria from the burial environment (3). These ubiquitous, nonpathogenic species have sequence similarity with M. tuberculosis, and distinguishing NGS reads derived from these species from genuine M. tuberculosis aDNA sequences can be difficult. This problem can be avoided by adopting a more directed NGS approach using hybridization capture (38) directed at specific polymorphic regions of the M. tuberculosis genome. The captured aDNA fragments are then sequenced to type the polymorphisms. In this paper, we report the use of this approach to identify the detailed genotype of a historic strain of M. tuberculosis from a 19th century adolescent female skeleton who was buried in St. George's Crypt, Leeds, England.
Results
We extracted aDNA from a rib displaying surface bone formation possibly indicative of pulmonary TB ( Fig. 1 ) and prepared a sequencing by oligonucleotide ligation and detection (SOLiD) library from fragments captured by a hybridization enrichment system comprising 551 baits (Dataset S1) targeting 260 regions of the M. tuberculosis genome ( Table 1 and Table S1 ). A total of 726,848 sequence reads corresponding to the reference sequence was obtained. Of these reads, 664,500 reads mapped to the targeted regions of the M. tuberculosis genome; the coverage included 218 of 247 SNPs, eight of nine regions of difference (RDs), the M. tuberculosis-specific deletion TbD1, the mtp40 locus, and the insertion sequences IS1081 and IS6110 ( Table 2) .
The presence of reads corresponding to the IS1081 and IS6110 sequences ( Fig. 2) showed that the St. George's Crypt skeleton contained DNA from the MTBC, because these elements are thought to be absent from other species (34, 35) . Within the complex, individual species can be distinguished by identifying whether insertions are present or absent at the various RD loci (5). It was possible to type seven of nine RDs that were targeted, and the profile showed that the species was either M. tuberculosis or M. canettii (Table 3 ). The TbD1 deletion characterizes M. tuberculosis (5), but this locus could not be typed unambiguously from the sequence data. The mtp40 locus was identified, but although this insertion was initially reported to be present only in M. tuberculosis (43) , there is now doubt about its specificity (44) (45) (46) . However, among the SNP data, the presence of a G at katG1388 is diagnostic for M. tuberculosis (5, 39) .
To compare the historic strain of M. tuberculosis with extant varieties, consensus sequences were determined for the regions surrounding each of the 218 SNPs that were typed, and these sequences were concatenated and compared with the equivalent regions of 17 completely sequenced MTBC genomes (Fig. 3 ). Among these modern strains, the closest similarity was with H37Rv, a member of the Europe/Americas clade of modern M. tuberculosis (22) . The St. Georges sample differed from the published H37Rv sequence at six positions (403978, 906855, 1901491, 2228965, 2786950, and 3721802). Although different stocks of H37Rv show some sequence variability, none of these polymorphisms have previously been reported (47) . The SNP data (Table S2) Thirteen loci were typed independently by the conventional PCR approach to confirm the accuracy of the NGS results. All 13 PCRs were successful with both the initial DNA extract and a second extract, which was prepared at a later date (Table 4) . Control PCRs, which were set up with blank extracts or water instead of extract, always failed to give a product of the expected size. Most of the sequences obtained from the cloned PCR products Table S1 . † SI Materials and Methods has information on choice of SNPs. *Data for SNPs give the range and mean for sequence reads covering the SNP positions for the 247 loci that were targeted. The individual SNPs that were identified at each of these loci are listed in Table S2 . For the other loci, the numbers are the total reads captured by the relevant baits.
were identical to the equivalent region of the reference (at least one such sequence for each amplicon), but one to four mismatches were seen in a minority of the sequences. Although most of these mismatches could be attributed to miscoding lesions in the aDNA templates (28) , others were less characteristic of diagenesis, and they might have arisen from PCR or sequencing error or presence in the bone of DNA from environmental mycobacteria. Ten of the PCRs confirmed SNP typing made by SOLiD sequencing. The other three PCRs provided additional data. The TbD1 deletion was identified as well as a G at gyrA284 and a 7-bp deletion in the pks15/1 gene; these features (along with katG1388) are characteristic features of modern strains of M. tuberculosis (5, 39, 48).
Discussion
Our results show the use of hybridization capture followed by NGS as a means of identifying SNPs and other polymorphisms in M. tuberculosis aDNA. Using this method, we were able to type 218 of 247 SNPs that we targeted, 8 of 11 insertion/deletion polymorphisms, and the two repeat sequences IS1081 and IS6110. Overall, this identification represented a success rate of 87.7%, and it enabled us to obtain substantially more genotypic data than would have been possible by the conventional PCR approach to aDNA analysis. The accuracy of the SOLiD data was confirmed by conventional typing of 10 SNPs. If combined with barcoding to examine multiple aDNA extracts in parallel, the hybridization capture-NGS approach could potentially generate sufficient genetic data from a large enough number of samples to enable meaningful comparisons between historic strains of M. tuberculosis from different geographic locations and different periods in the past. Our results do, however, highlight some of the weaknesses of this approach using current technology. The number of reads captured by each bait varied substantially, and therefore, the unique sequences covering the individual SNPs varied from 0 (for 29 SNPs) to 45, with a mean of 10.4 (SI Materials and Methods). This variation could be because of incomplete and differential preservation of the M. tuberculosis genomes in the bone extract, but our ability to type the gyrA284 SNP by conventional PCR but not the SOLiD data suggests that not all variation in the latter can be ascribed to the vagaries of aDNA preservation. All of our baits were the same length, had the appropriate sequence, and had similar GC contents. Optimization of a hybridization capture system would be time-consuming and costly, but might be necessary to increase the success of comparative studies by reducing the extent of missing data when individual samples are typed.
As with all aDNA studies, the authenticity of the results must be evaluated (49, 50) . When M. tuberculosis aDNA is being typed, there is little opportunity for contamination with modern genomic DNA, presuming (as was the case when we did this project) that modern M. tuberculosis DNA is not used as a positive control in the laboratories in which the work is carried out. This presumption has led some researchers to suggest that stringent anticontamination precautions are not necessary when ancient M. tuberculosis is being studied (51) , but this view is erroneous (3). A major source of modern contamination in aDNA studies is No sequence reads None carryover of amplicons from previous PCRs in the form of aerosols generated when microfuge tubes are opened. With studies of M. tuberculosis aDNA, this problem is particularly pernicious, because it is difficult to detect; many of the routine PCRs, such as those PCRs testing for IS1081, IS6110, and the TbD1 deletion, give products with no sequence variability, which makes it impossible to be certain that a product derives from the sample under study and is not a false positive arising from a contaminating amplicon. To avoid this problem, we used precautions equivalent to those precautions required for human aDNA research (SI Materials and Methods). To remove external contamination from the rib sample, we scraped away the outer surface of the bone and then irradiated the resulting core, a method that we have previously shown to be effective in removing DNA contamination placed on the original bone surface by handling (52) . This procedure, as well as all subsequent manipulations up to and including posthybridization amplification, was carried out in specially designed laboratories for aDNA analysis by personnel wearing full forensic clothing. Analysis of the sequence reads showed that these precautions were successful, because carryover of amplicons would be detectable by extensive clonality of sequence reads beginning at the two ends of the amplicon sequence. This result was not the case with the sequence reads for those loci, such as the IS1081
and IS6110 elements, that we have previously used as targets for conventional PCR. Instead, these reads, particularly the large number obtained for IS6110, were tiled along the region covered by the baits (Fig. 2) , indicating that they were derived from genomic DNA rather than PCR amplicons. A second contamination issue that is relevant in studies of M. tuberculosis aDNA is the possible presence of DNA from environmental mycobacteria that inhabited the burial environment and possibly infiltrated the bones of the skeleton. The genus Mycobacterium includes over 100 species, most of which are found in soil and water. The expectation is, therefore, that any archaeological material that has come into contact with soil and/or water is likely to contain environmental mycobacteria (3, 53) and that bone extracts will contain DNA from these species. Genome data are unavailable for the large majority of these species, and the extent to which they share sequence similarity with M. tuberculosis is unknown. The possibility exists, therefore, that sequence reads derived from environmental species might be mistaken for ones representing M. tuberculosis. When individual SNPs with known variability in the MTBC are being typed, the presence of sequence reads from non-MTBC mycobacteria is unlikely to cause confusion. In our case, the specificity of the enrichment system, combined with the discrimination of the process by which reads were mapped on to the reference sequence, meant that all of the reads that were used to type polymorphisms could be clearly ascribed to MTBC. In fact, because the sample was taken from a crypt burial rather than soil inhumation, the opportunity for contamination with environmental mycobacteria was perhaps less substantial. The presence of contaminating reads would be a greater problem if attempts were made to reconstruct an entire M. tuberculosis genome from aDNA. It would be impossible to be certain of the authenticity of any SNP that is not known in modern MTBC, because such an SNP could derive from reads obtained from the homologous region of the genome of a contaminating non-MTBC species with a sequence, in that region, that is identical to the sequence of the MTBC members, except for the SNP position. Obtaining high coverage of the SNP would not solve the problem if the relevant region is absent or at low copy number in the aDNA fraction compared with a relatively high copy number of the contaminant.
We used the SNP data from the sample from the St. George's Crypt skeleton to classify this historic strain of M. tuberculosis in accordance with two schemes described for modern varieties of the MTBC (6, 40) . This analysis placed the 19th century strain in lineage II and one of synonymous sequence types 2, 8, or 10 according to the work by Baker et al. (6) and ST14 or ST40 and SCG6b according to the work by Filliol et al. (40) . SCG6b is uncommon among present day strains of M. tuberculosis. Only 6 of 219 strains examined in the work by Filliol et al. (40) were members of SCG6b, and in a later study of 428 antibiotic-resistant strains from Australia, Colombia, India, Mexico, Spain, and the United States, only 8 members of SCG6b were identified, with low prevalence in each of the six countries (54) . SCG6b does, however, include the modern strain H37Rv, with a genotype that differs from the historic M. tuberculosis at six of the SNP positions that we typed. H37Rv is derived from an isolate, H37, collected from a TB patient in 1905 by Edward R. Baldwin, who at that time, was Director of the Saranac Lake Laboratory in upstate New York, United States. Although circumstantial, this finding suggests that strains belonging to SCG6b were not uncommon in North America in the early 20th century, and our discovery of a strain related to H37 in 19th century Yorkshire might not be unusual.
Materials and Methods
Source Material. The source material was a human rib from St. George's Church Crypt, a late 19th century burial site in Leeds, West Yorkshire, England. The site was excavated in 2009 by MAP Archaeological Consultancy Ltd. The human remains, buried extended and supine in coffins, were recovered from vaults adjacent to the south side of St. George's Church that had been in use between 1840 and 1911 (55) (SI Material and Methods). Ten articulated skeletons were recovered, and disarticulated bones were found in three contexts, representing a minimum of 30 individuals (22 adults and 8 nonadults). There was no evidence of definitive tuberculous lesions among the skeletal remains, but four individuals displayed new bone formation on the visceral surfaces of their ribs (two adolescents and two adults), possibly caused by pulmonary TB, although the diagnoses are not pathognomonic (56) . The two adolescents were small gracile skeletons of almost identical size reassembled from Vault 16. Both skeletons were female of similar age (16-18 y) , and the patterns of dental crowding and caries were almost identical, suggesting that they may have been siblings, possibly even twins, who died at about the same time (55) . A sample was taken from one of the ribs of skeleton 4006 (Fig. 1) under clean conditions by personnel wearing sterile gloves, face masks, hairnets, and protective outer clothing and on work surfaces treated with DNAAway (Molecular Bioproducts). The sample was then placed in a DNA-free plastic bag and transferred to the aDNA facility at the University of Manchester, which comprises a suite of independent, physically isolated laboratories; each laboratory has an ultrafiltered air supply maintaining positive displacement pressure and a managed access system. Within these laboratories, DNA extracts and libraries were prepared in a class II biological safety cabinet, and PCRs were set up in a laminar flow hood.
Genotyping by SOLiD Sequencing. To remove external contamination from the bone sample, the outer 1-2 mm were scraped away with a sterile scalpel, and the remaining bone was UV-irradiated (254 nm, 120,000 μJ cm −2 ) for 2 × 5 min, with 180°rotation between the two exposures (52). The sample was then sealed in a DNA-free plastic bag and crushed into powder, and 0.25 g were used for DNA extraction as described previously (57) . Hybridization capture was carried out using the SureSelect Target Enrichment System for AB SOLiD Multiplexed Sequencing (Agilent Technologies) in accordance with the manufacturer's instructions with the following modifications. Because aDNA fragments are usually <200 bp in length (28), end repair was carried out with 30 μL unsheared DNA extract, and after ligation of the P1 and A adaptors, two size fractions, of ∼150 and 200 bp, were selected and pooled. The nick translation PCR was carried out for 20 rather than 12 cycles, and after the subsequent purification, the DNA was eluted in 25 rather than 50 μL Buffer E1. To maximize the amount of DNA in the hybridization stage, the RNase Block was diluted by adding directly to the DNA library, and hybridization to the capture library was carried out at 65°C for 72 rather than 24 h. The capture library comprised 551 baits (Dataset S1) targeting 260 regions of the M. tuberculosis genome (Table 1 and Table S1 ). After posthybridization amplification, a paired-end read fragment library for SOLiD sequencing was prepared in accordance with the manufacturer's instructions (Applied Biosystems), and templated beads were sequenced using the SOLiD 5500 system. A reference sequence was constructed from M. tuberculosis accession NC_000962.2 (58) supplemented with insertions reported in the M. bovis genome. Sequence reads were converted into FASTQ format and mapped onto the reference using the default settings of BWA 0.5.9-r15 (59) on the webbased platform Galaxy (60) . The resulting datasets were converted to interval files and downloaded along with FASTA versions of the sequence reads, and summary data, including the identities of individual polymorphisms, were generated for each alignment. Consensus sequences for each alignment were concatenated in order based on their genomic coordinates and aligned with the equivalent regions of sequenced MTBC genomes using MegaBLAST (61) . A neighbor-joining tree was produced by BLAST Tree View, exported in Newick tree format, and visualized with Dendroscope 3.2.2 (62) . Sequence reads are deposited in the European Nucleotide Archive (project accession ERP001877).
Genotyping by PCR. A subset of loci was typed independently by the conventional PCR approach to confirm the accuracy of the capture array results. One set of PCRs was carried out with extracts prepared as described above (57) , and a second duplicate set was carried out with extracts prepared using a silica suspension procedure (63, 64) . For the latter procedure, 0.25 g bone powder were resuspended in 5 mL extraction buffer (450 mM Na 2 EDTA, pH 8.0, 0.25 mg mL −1 proteinase K) and agitated for 24 h in the dark. After centrifugation for 2 min at 5,000 × g, the supernatant was transferred to a new tube, 2.5 mL binding buffer (5 M guanidinium thiocyanate, 300 mM sodium acetate, pH 5.2) and 100 μL silica suspension (64) were added, and the mixture agitated for an additional 3 h in the dark. The silica pellet was collected by centrifugation for 2 min at 5,000 × g and resuspended in another 1 mL binding buffer. The silica was then washed, and the DNA was eluted as described in the work by Rohland and Hofreiter (64) . PCRs were directed at 11 SNPs at the qcrB, gyrA, katG, leuB, oxyR, recN, rpoB, Rv0083, and Rv2802c loci as well as the TbD1 deletion and a deletion in the pks15/1 gene. PCRs were set up in a final volume of 50 μL, comprising 3 μL extract, 1× GeneAmp PCR Gold buffer (Applied Biosystems), 2.0 mM MgCl 2 , 200 μM each dNTP, 400 μM each primer, and 1.25 units AmpliTaq Gold DNA polymerase (Applied Biosystems). Cycling conditions were 7 min at 95°C followed by 45 cycles of 1 min at x°C, 1 min at 72°C, and 1 min at 94°C followed by 2 min at x°C and 10 min at 72°C, where x°C is the primer-specific annealing temperature (Table S3) . PCR products were examined by electrophoresis in 2% agarose gels, and bands were purified using Qiaquick columns (Qiagen). DNA was cloned using the CloneJet PCR cloning kit (Fermentas) in Escherichia coli XL1-Blue cells (Agilent). Recombinant plasmid DNA was purified using Qiaquick columns and sequenced (GATC Biotech). Sequences were then aligned and polymorphisms were identified using Geneious Basic (http://www.geneious.com/).
